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Activation of Notch by its transmembrane ligand Delta requires the E3 ubiquitin ligases Neuralized or Mind
bomb and endocytosis of the ubiquitinated ligand. In this issue of Developmental Cell, Ossipova et al.
show that the polarity regulator PAR-1 phosphorylates Mind bomb, leading to the degradation of Mind
bomb and to changes in cell fate due to loss of Notch signaling.Notch signaling is activated by binding of a
transmembrane ligand of the DSL (Delta,
Serrate, LAG-2) family to the extracellular
domain of the receptor. The binding of the
ligand induces a series of proteolytic cleav-
ages of the receptor that ultimately leads to
the generation of an intracellular fragment
of Notch (Nicd) that enters the nucleus,
binds to a DNA binding protein of the CSL
[CBF1, Su(H), LAG-1] family and activates
transcription (Bray, 2006). A series of
recent papers has shown that the activity
of DSL ligands depends on their monoubi-
quitination, which is a prerequisite for
endocytosis mediated by the epsin
adaptor protein. It is not fully understood
why endocytosis of DSL proteins is
required for their activity. One explanation
may be that endocytosis exerts a mechan-
ical force on the extracellular domain of
Notch bound to its ligand while it is endocy-
tosed in the adjacent cell. This force may in
turn facilitate the shedding of the extracel-
lular domain of Notch, which would
promote subsequentproteolytic cleavages
of the receptor. Alternatively, ubiquitination
could lead to the sequestration of the
ligand toa specific endocytic compartment
inwhich the ligandundergoes further modi-
fication (Bray, 2006).
The ubiquitination of DSL ligands
depends on the E3 ubiquitin ligases Neu-ralized and Mind bomb, which are evolu-
tionarily conserved and function in a
tissue-specific manner. Loss-of-function
of both ligases results in accumulation of
DSL ligands at the cell surface and
prevents their endocytosis and activation
(Le Borgne et al., 2005). These findings
clearly showed that Neuralized and Mind
bomb are essential for Notch signaling
and raised the question of how these
proteins are regulated. The work by Ossi-
pova et al. (2009) now shows convincingly
that Mind bomb is regulated at the post-
transcriptional level by the kinase PAR-1,
which so far has been studied mostly
with respect to its function in the control
of cell polarity. In coimmunoprecipitation
experiments followed by mass spectrom-
etry analysis, PAR-1 was identified as
a binding partner of Mind bomb. Phos-
phorylation of Mind bomb by PAR-1 at
a conserved serine residue led to its
degradation, which was dependent on
its E3 ligase activity and the proteasome.
Consistent with this finding, overexpres-
sion of PAR-1 in tissue culture cells led
to reduced ubiquitination of Delta-like 1
(Dll1).
The activity and subcellular localization
of PAR-1 is regulated by atypical protein
kinase C (aPKC), a core component of
the PAR-3/PAR-6/aPKC complex, whichDevelopmental Cellis a central regulator of cell polarity in
many cell types throughout the animal
kingdom (Suzuki and Ohno, 2006). aPKC
directly phosphorylates PAR-1 at a con-
served threonine residue, leading to its
dissociation from the cortex and inhibition
of its kinase activity (Hurov et al., 2004).
By this mechanism, aPKC restricts the
subcellular localization and activity of
PAR-1 to cortical regions where aPKC is
not present. As a consequence, aPKC
and PAR-1 are localized in a mutually ex-
clusive manner in many polarized cell
types, including the C. elegans zygote,
Drosophila neural stem cells, and mam-
malian andDrosophila epithelial cells (Fig-
ure 1A) (Suzuki and Ohno, 2006; Krahn
et al., 2009). The polarized localization of
aPKC and PAR-1 leads to the segregation
of both proteins into separate daughter
cells upon asymmetric cell division. There
is now a solid body of evidence showing
that aPKC and PAR-1 are not only re-
quired for polarization of the cell prior to
asymmetric cell division, but that they
also have profound effects on the cell
fate of the resulting daughter cells. This
has been shown for Drosophila larval neu-
roblasts, where the cell that inherits aPKC
will maintain a progenitor fate instead
of entering the pathway to terminal neu-
ronal differentiation (Lee et al., 2006).17, August 18, 2009 ª2009 Elsevier Inc. 153
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Drosophila embryos resulted
in an excess of neurons at the
expense of epidermal cells,
a phenotype typical for Notch
and Delta loss-of-function
mutations (Bayraktar et al.,
2006). Opposing functions of
aPKC and PAR-1 have been
reported in the specification
of the two layers of the em-
bryonic ectoderm in the frog,
the so-called superficial layer
and the deep layer, the latter
consisting mostly of ciliated
cells (Ossipova et al., 2007).
These two ectodermal layers
are generated by asymmetric
cell division of the initially
single-layeredectodermalep-
ithelium. Prior to asymmetric
cell division, aPKC localizes
to the apical domain and
PAR-1 to the basolateral
domain of the epithelial cells,
and both proteins segregate
upon division: aPKC to the
cells of the superficial layer
and PAR-1 to the cells of the
deep layer. To test whether
aPKC and PAR-1 function in
the fate determination of the
two cell populations gener-
ated by asymmetric cell divi-
sion, both proteins were over-
expressed or knocked down
by RNAi during Xenopus
embryogenesis. The results
were very clear, showing
that aPKC promotes differen-
tiation of superficial cells and PAR-1
promotes differentiation of ciliated cells
(Ossipova et al., 2007).
Essentially the same experimental
approach was now used again by Ossi-
pova et al. (2009) to ask whether aPKC
and PAR-1 function antagonistically in
cell fate specification during vertebrate
neurogenesis. Indeed, overexpression of
PAR-1 and of aPKC-N, a dominant-nega-
tive form of aPKC, increased the number
of neurons, while knockdown of PAR-1
and overexpression of aPKC-CAAX,
a constitutively active form of aPKC, led
to reduced neuronal differentiation. A
related study showed that overexpressed
aPKC-CAAX was detected not only at the
membrane but also in the nucleus and that
overexpression of a dominant-negative
version of aPKC targeted to the nucleus
efficiently enhanced neurogenesis, point-
ing to nuclear targets of aPKC that are
involved in this cell fate decision (Sab-
herwal et al., 2009). Together with the
molecular data on the effect of Mib phos-
phorylation by PAR-1, these findings
now suggest a novel pathway involving
aPKC, PAR-1, Mib, and Dll1 that controls
neurogenesis in vertebrates (Figure 1B).
Why did this tight linkage evolve
between the control of apical-basal cell
polarity and the control of Notch signaling
during lateral inhibition? One reason may
lie in the subcellular localization of the
proteins that are involved in
this process. Both Notch
and Delta are localized to the
lateral membrane and are en-
riched in the contact zone
between adjacent epithelial
cells, the zonula adherens
(ZA) (Figure 1A). The ZA lies
at the border between the
membrane domains to which
aPKC (apical) and PAR-1
(lateral) are localized, and
thus the activity of PAR-1 is
modulated by aPKC precisely
where Delta and Notch are
enriched. Moreover, inDroso-
phila the cells with lower
amounts of Notch activity,
which will become neuro-
blasts, ingress from the neu-
roectodermal epithelium into
the interior of the embryo,
which requires a loosening of
the cell-cell contacts at the
ZA. It is tempting to speculate
that the same molecular
mechanisms that regulate lat-
eral inhibition at the ZA also
affect ZA-mediated cell-cell
adhesion and facilitate in-
gression of neuroblasts.
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Figure 1. aPKC and PAR-1 Are Localized in a Complementary
Manner in a Variety of Cell Types
(A) Subcellular localization of aPKC (red) and PAR-1 (green) in the C. elegans
zygote, the mitotic neuroblast of Drosophila, and neuroectodermal epithelial
cells of Drosophila. In epithelial cells, Delta and Notch (blue) are localized to
the lateral membrane and are enriched in the zonula adherens (ZA). Note
that in the epithelium, the ZA is positioned at the border between the expres-
sion domains of aPKC and PAR-1. Thicker colored lines indicate regions where
the respective protein is enriched.
(B) Scheme of molecular interactions between aPKC, PAR-1, Mind bomb,
Delta (Dll1 in vertebrates), and Notch during neurogenesis. Phosphate groups
are symbolized by a circled P.154 Developmental Cell 17, August 18, 2009 ª2009 Elsevier Inc.
